A microscopic theory is presented for the photoacoustic effect induced in solids by x-ray absorption. The photoacoustic effect results from the thermalization of the excited Auger electrons and photoelectrons. We explain the dependence of the photoacoustic signal S on photon energy and the proportionality to the x-ray absorption coefficient in agreement with recent experiments on Cu. Results are presented for the dependence of S on photon energy, sample thickness, and the electronic structure of the absorbing solid. PACS numbers: 78.20.Hp, 78.70.Dm The photoacoustic effect has become a subject of intensive research because of its fundamental importance and potential for numerous applications.l'? So far, the photoacoustic response to optical radiation with wavelength A~10 3 A has been studied. 1 Little attention is paid to the mechanisms of heat production and good agreement with experiment is obtained by the assumption that the amount of heat produced is a fraction of the absorbed energy and independent of the photon energy. However, as indicated by recent experiments/-' (see Fig.  1 ), this is not the case for the photoacoustic signal resulting from x-ray absorption. In particular, note that the relative increases of the x-ray absorption coefficient J1 and of the photoacoustic signal S at the K edge are different. It is remarkable that in spite of the complex nonlocal electronic thermalization processes involved in the heat production within the solid, the oscillations 6 of J1 are imaged in S. It is the purpose of this Letter to present a microscopic theory for the photoacoustic response to x-ray absorption in solids, which explains these new experimental facts like the observed dependence of S on photon energy, sample thickness, and electronic structure of the absorbing solid (eu, AI, Pb, etc.I. The theory presented here should provide a basis for a better understanding of the photoacoustic response and its dependence on the electronic structure of the solid, and should be useful for the use of photoacoustic x-ray absorption spectroscopy as a new experimental technique. In order to find an expression for the photoacoustic signal S which relates S to microscopic processes in the solid, we use the following physical picture for the photoacoustic response to x-ray absorption. X rays are absorbed by the excitation of core electrons to states belonging to the continuum part of the electronic energy spectrum (photoelectrons). The excited electrons have a small mean free path, I~10-100 A. The excited atom decays either by electromagnetic radiation, which may be reabsorbed, or by an Auger process. The resulting Auger electrons can have much larger energies than the photoelectrons. However, their mean free path is at most 100 A for elements with atomic number Z:S 40.
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Then Auger electrons and photoelectrons transfer part of their kinetic energy to the solid, for example, by the production of cascades of secondary electrons. The first step in such processes consists of electron-electron interactions and is essentially nonlocal. After many collisions these electrons are close to thermal equilibrium. Note that during this thermalization, energy loss due to fluorescence or electron emission may occur. The second step in the transfer of energy from the system of thermalized excited electrons to the system of atoms of the solid is governed by the electron-phonon interaction bringing the electrons and the lattice to a common temperature.
7 Then by diffusion processes the transferred energy is distributed over the sample, increasing its initial temperature. Note that the transferred energy is distributed only within that part of the sample volume VD which is reached by diffusion within the x-ray chopping period. Finally, the rise in temperature of the solid generates at the interface between the sample and the coupling gas the pressure waves which are detected as a photoacoustic signal. 8 According to this physical picture the contribution to S due to x-ray absorption at the point x is given by where h ca is the energy of the incident x ray, Wi is the probability for the ith electron to be excited to a state with kinetic energy Ei, and Ui is the fraction of E; which is transformed into heat within the solid. c, refers to the specific heat, Ps to the density of the absorbing solid, and d to the sample thickness. The sum runs over all excited electrons. For samples much thicker than the electron mean free path, surface losses can be neglected and a, is then independent of x.
The total contribution to S is obtained by integration of s (x) over the volume of the absorbing solid, or more accurately over that part of the sample volume which contributes to the temperature increase at the surface. Thus it follows from e 1988 The American Physical Society Eq. (1) that
Here, i,j,k refer to shells of core electrons, whose energies are given with respect to the Fermi level. Pi is the absorption coefficient referring to an electron in the ith shell and~ijk =~j -~j -tk refers to the energy of the electron excited by the (ijk) Auger process. pjk is the probability for the occurrence of the (ijk) Auger transition. a, and aijk are functions of the excitation energy:
In deriving Eq. (2) we used the facts that Wi(h w,x) = Pie -Jl;X for i-shell photoelectrons and Wj(hw,x)=J1je-Jl ;xpJk for (ijk)-Auger electrons. The first term in Eq. (2) gives the contribution to S resulting from the photoelectrons. Note that this contribution arises even if the deexcitation of the electrons is produced only by fluorescence. The second term in Eq. (2) represents the contribution of the Auger electrons emitted from the shell k due to transitions i -+ j. Finally, the last term in Eq. (2) takes into account the partial reabsorption by electrons of the shell k of the radiation caused by fluorescence resulting from transitions i -+ j. The fluorescence probability for the shell i (which, for simplicity, we assume to be isotropic) is denoted by pI} and the probability for this radiation to be absorbed by the shell k by Pi . The kinetic energy of the resulting photoelectron from the kth shell is given by e, -€j -€k.
Equation (2) is the central equation of our theory and is now used to explain important experimental facts. For this and numerical analysis we assume the following simplifications. We consider explicitly only the most relevant absorption channels. These are, below the K edge, the L-shell absorption, and above the K edge, the L-and K-shell absorptions. We consider the average energies €~and €f of the K and L Auger electrons. Similarly, for pJk we use p~and pf, referring to the probabilities of emission of an Auger electron as a result of holes in the K and L shells, respectively. The values of these parameters are summarized in the figure captions. Since no experimental results are available for the energy dependence of a, and since first-principles calculations seem at present very difficult, we use a, as a parameter. Furthermore, on physical grounds one expects that electrons with similar excitation energies should have the same value of a, since for all of them the same kind of processes are involved in thermalization. Therefore, we use a; == a 1 for low-energy electrons like the L-shell Auger electrons and K-shell photoelectrons, and a, = a2 for the K-shell Auger electrons and L-shell photoelectrons. With these simplifications Eq. (2) is rewritten as
Here, we assume that radiation results from [via ,uK(hw) ], since a is expected to exhibit no particular energy dependence. Note that h OJ -€; is typically very large compared to the energies involved in electron-lattice coupling. Equation (3) also describes the dependence of S on sample thickness for given hOJ. Because of c s, Ps, t;, and u, different results are expected for S(d) for Cu, Sn, Ni, for example. These conclusions illustrate that Eqs. (2) and (3) are able to explain the essential experimental facts observed recently for the x-ray absorption-induced photoacoustic effect.
To demonstrate that our theory is also able to explain quantitatively experimental results, we show in Fig. 1 PL==I-exp[uL(x-d) /cos8] for o< 0 < lCI2 and PL == 1 -exp(xJ.lLlcoso) for nl2 < 0 < n.
Results for a 1 == a: and a 1 == 5a2 are given. Our theory is in fairly good agreement with experiment. The sharp rise in S at the K edge and the position and magnitude of the peaks of the oscillations in S are correctly reproduced. Note that while experimentally S increases for increasing h OJ, the x-ray absorbance decreases with h OJ above the edge. On general physical grounds one expects al > a2, since the larger the excitation energy of the electron, the less its efficiency to produce heat because of the radiative losses in its collisions. Taking into account the energy loss due to fluorescence, we estimate a II«: to be at most of the order of 2. Therefore, the value alla: == 5 . The x-ray absorbance 1 -exp( -J1 exp d ) for the same sample is also shown. Note that the relative change in S at the K edge (which depends on the Auger decay probability and Auger-electron energy) is smaller than the corresponding change in the absorbance. The parameters uc, u«, pt, p~, pI, e«, e~, 2 The photoacoustic signal S below the K edge is due to L-shell photoelectrons and Auger electrons. The contribution to S due to the last terms of Eqs.
(2) and (3) is small (smaller than 10% of the value of S above the edge). Thus, the jump in S is mainly due to the Auger electrons. 13 In Fig. 2 since further increase of d causes no appreciable increase in the absorbance but a decrease in the temperature rise at the surface because the absorbed energy is distributed over a larger VD. Although the trends for the studied materials [S(Ni) < S(Cu) < S(Sn) < S(Pb)] are already given by the difference in the absorbed energy E abs-the material-dependent prefactor (CsPs) -1, which relates E abs to the temperature rise in the sample, I improves quantitative agreement with experiment. Furthermore, assuming acu == aAI == apb, and for photon wavelength A== 1.56 A, dAI == 100 J1m, dc« ==50 Jim, and dpb==50 J1m, we obtain Scu/SAl==1.7 and Scu/SPb==2.6, while experiment yields for these ratios the values 2.0 ± 0.6 and 2.5, respectively. It is remarkable that we obtain such agreement with the experimental results. 2, 3 In Fig. 2 we also illustrate the dependence of S on the material and the importance of considering samples with the same thickness when comparing different absorbing solids.
We should remark that atomic motion of singly or doubly charged atoms resulting from photoexcitation of core electrons should play no significant role in the heat production, since the lifetime r of the localized K-and L-shell holes is much smaller (r < 10 -15 s) than phonon oscillation periods. A contribution to S due to direct creation of phonons resulting from the local charge unbalance caused by the core-electron emission cannot be completely disregarded, particularly when the holes have 124 larger lifetimes (as may be the case for insulators).
In summary, we have presented a theory allowing a microscopic determination of the photoacoustic response to x-ray absorption. It is shown that the dependence of the photoacoustic signal on photon energy exhibits the same structure as in the case of x-ray absorbance.
